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The method described in the previous chapters to generate and quantify well-
defined catalytically active species was extended to two types of half-sandwich 
titanium complexes, illustrating the versatility of our approach. Quantitative 
generation and immobilization of the cationic cyclopentadienyl titanium species 
{[C5H4CMe2(3,5-Me2C6H3)]TiMe2}+ and {Cp[(2,6-
iPr2C6H4)2(CHN)2C=N]Ti(CH2CH(Me)CH2CH2SMe)}+, followed by their 
desorption by conversion into the corresponding soluble neutral species by 






6.1   Introduction 
 
Group 4 metallocene complexes of the type Cp’2MR2 (M=Zr, Hf, Ti; R=alkyl, 
Cp’= substituted η5 cyclopentadienyl) have been extensively used as homogeneous 
Ziegler-Natta catalysts for olefin polymerization.1 The isolation of metallocenium 
species ([Cp’2MR]+)2 and their use in olefin polymerization have led to the 
acceptance of electron-deficient cationic metal-alkyl complexes as the active 
species in these olefin polymerization catalyst systems. These findings have 
stimulated the design of new, non-metallocene single-center olefin polymerization 
catalysts. However, effective immobilization of those single-center catalysts on a 
solid support is an essential prerequisite for their implementation in the industrial 
production of (especially crystalline) polyolefins.  
In the previous chapters, a novel approach for the generation of well-defined and 
(sufficiently) stable silica-supported zirconium metallocene catalysts has been 
described. This method is essentially based on the activation of a catalyst precursor 
on a well-defined silica-supported boron-based activator in the presence of an 
olefinic trap MeS(CH2)nCHCH2 (n=1,2) to selectively capture catalytically active 
species. Subsequent addition of a suitable nucleophile (e.g. NBu4Br) in the 
presence of an internal standard (e.g. ferrocene) allows for quantification of the 
immobilized activated species using ordinary NMR spectroscopic techniques. 
Additionally, it has been shown (see Chapter 5) that activation of the catalyst 
precursor in the presence of 3-butenyl methyl thioether (BMT) results in the 
quantitative formation of a 6-membered chelate species which is able to insert 
ethene and initiate polymerization at slightly elevated temperatures (80°C).  
Thus far, our studies involved only Cp*2ZrMe2, chosen as a model system and 
the ansa-C2 symmetric zirconium complex [Me2Si(2-Me-4-PhInd)2]ZrMe2. In 
order to illustrate the versatility of our approach, here we describe the generation 
and quantification of well-defined cationic species, both in solution and on silica 
support, derived from two mono(cyclopentadienyl) titanium alkyl complexes: 
[C5H4CMe2(3,5-Me2C6H3)]TiMe3 (6.1) and Cp[(2,6-iPr2C6H3)2(CHN)2C=N]TiMe2 
(6.4) (Figure 6.1). The former is a precursor to a selective ethene trimerization 








Figure 6.1 Ti-based trimerization catalyst precursor 6.1 and Ti-based 
polymerization catalyst precursor 6.4 
 
6.2   Activation and immobilization of 
(C5H4CMe2Ar)TiMe3 using boron-based cocatalysts 
 
Monocyclopentadienyl (half-sandwich) titanium alkyl complexes used in 
combination with MAO3 or other cocatalysts4,5 are mainly known as precatalysts 
for the polymerization of styrene to syndiotactic polystyrene (s-PS), although they 
also show interesting behavior in the polymerization of other olefins.6,7,4e,4f In 2001 
our group reported that titanium mono(cyclopentadienyl) complexes can be 
switched from ethylene polymerization to selective ethylene trimerization catalysts 
by introducing a pendant arene moiety on the cyclopentadienyl ring.8 The 
hemilabile ancillary ligand in the cations [(η5:η6-C5H4R-Ar)TiMe2]+ (R=CMe2, 
SiMe2; Ar=Ph, 3,5-Me2C6H3) was found to decisively influence the product 
composition as well as the catalyst’s activity.8 A step forward in the 
implementation of this class of catalysts for gas-phase operation would be their 
immobilization on a solid support, leading to the formation of well-defined and 
quantifiable systems.  
The catalyst precursor used in this study [C5H4CMe2(3,5-Me2C6H3)]TiMe3 (6.1) 
was prepared according to known procedures9 by reaction of 6,6-dimethylfulvene 
with Li[C5H4CMe2Ar] (Ar= 3,5-dimethylphenyl), followed by reaction with TiCl4 
to yield [C5H4CMe2(3,5-Me2C6H3)]TiCl3. The trichloride complex was then 
methylated using MeMgCl to give the trimethyl derivative 6.1. Treatment of the 
neutral precursor 6.1 with an equimolar amount of the Brønsted acid 
[Me2PhNH][B(C6F5)4] (4.1) in bromobenzene yields a dark orange solution of the 
ionic compound [{C5H4CMe2(3,5-Me2C6H3)}TiMe2][B(C6F5)4] (6.2) with 







In the 1H NMR spectrum of 6.2 the interaction of the pendant arene on the 
cyclopentadienyl group with the metal center is indicated by the increase in the 
chemical shift difference between the two CH resonances of the Cp ligand 
(∆δ = 0.08 ppm for 6.1, ∆δ = 1.46 ppm for 6.2). 1H and 13C NMR data of 6.1 and 
the cationic part of 6.2 are in agreement with those reported by Deckers et al.9a 
Treatment of 6.2 with one equivalent of [N(n-C4H9)4]Br resulted in a color 
change of the solution to dark yellow, affording the neutral titanium complex 





The 1H NMR spectrum of 6.3 shows three singlets at δ 1.41 ppm, δ 1.49 ppm 
and δ 2.19 ppm for, respectively, the Ti-Me groups, the CMe2 of the bridging unit 
and the methyl substituents of the arene moiety. The decrease of the chemical shift 
difference between the Cp resonances for 6.3 (∆δ = 0.05 ppm) indicates that the 
arene moiety on the cyclopentadienyl ring is not interacting with the metal center 
in the presence of Br-, providing further evidence for the formation of a neutral 
titanium species. The corresponding carbon shifts of the CH of the 
cyclopentadienyl ligand are observed at δ 115.9 ppm and δ 111.2 ppm.  
For this specific catalyst system, no attempt at generating the corresponding 
chelate complex by reaction of 6.2 with the olefinic substrate MeS(CH2)2CHCH2 
was made. Based on computational10 and experimental11 work, it appears that the 
reversible coordination of the arene moiety to the metal center already imparts 
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sufficient thermal stability for the cation and is essential in the trimerization 





Formation of a chelate species upon addition of the olefinic trap could impede 
such coordination, potentially resulting in an ethene polymerization catalyst rather 
than a selective trimerization catalyst system.  
According to a similar procedure as described above, immobilization of the 
catalyst precursor 6.1 using the supported borate activator 
SiO2/TIBA/[HNMe2Ph][HOC6H4B(C6F5)3] (4.3) (prepared as described in Chapter 
4) was investigated. In an NMR tube a sample of the supported cocatalyst 4.3 was 
contacted with a bromobenzene solution of the catalyst precursor 6.1 using a 1:1 
ratio B:Ti in the presence of ferrocene as internal standard. Immediately, the silica 
took a dark red color, giving indication of activation and concomitant 
immobilization of 6.1. The reaction was monitored by 1H NMR over a period of 4 





Table 6.1 Immobilization of 6.1 on SiO2/TIBA/[Me2PhNH][HOC6H4B(C6F5)3] 
(4.3). 
t 
6.1 in solution 
µmol (%) 
PhNMe2 in solution 
µmol (%) 
0.5h 2.1 (30%) 4.9 (70%) 
1h 1.75 (25%) 5.2 (75%) 
2h 0.84 (12%) 6.2 (88%) 
4h 0 (0%) 7 (100%) 
t= contact time between silica and 6.1; 6.1= [C5H4CMe2(3,5-Me2C6H3)]TiMe3; 7 µmol of 
6.1 were used; ratio borate : 6.1 is 1:1.  
 
Within 0.5 hours at room temperature, the 1H NMR spectrum shows a rapid 
decrease in the concentration of 6.1 in solution, accompanied by an equimolar 
release of methane and free PhNMe2. At this point, approximately 70% of 6.1 had 
reacted with the support 4.3. Subsequently a slower decrease in the concentration 
of 6.1 in solution was observed. Within four hours, all of 6.1 had disappeared from 
solution, accompanied by quantitative release of PhNMe2 into solution. Addition of 
[(n-C4H9)4N]Br to the silica support resulted in the quantitative release into 
solution of neutral compound 6.3 as confirmed by 1H NMR spectroscopy. A 
discoloration of the support from dark red to dark yellow was observed.  
Based on these preliminary results, it appears that our silica supported borate 
activator 4.3 is suitable for the immobilization of the titanium trimerization catalyst 
6.2, showing quantitative formation of the cation [{C5H4CMe2(3,5-
Me2C6H3)}TiMe2]+ on the support. Thus, this catalyst system could be potentially 
used for the trimerization of ethene to 1-hexene. Nevertheless, it was previously 
reported that 6.1, when reacted with a MgCl2 support, does not retain its 
trimerization properties, but it is transformed into an ethene polymerization 
catalyst.12 Although the exact nature of the active species in this system was not 
investigated, this behavior was attributed to an influence of the support on the 
coordination of the pendant aryl ring to the metal center, essential in the 
trimerization process. In the present case, to determine whether the immobilization 
of 6.1 on our silica support 4.3 would result in a selective trimerization catalyst 
system, catalytic ethene conversion experiments would be required. At this stage, 
these have not yet been performed.  
 
6.3   Activation and immobilization of the Ti catalyst 
precursor Cp[(2,6-iPr2C6H3)2(CHN)2C=N]TiMe2 
 
Since the development of efficient group 4 metallocene olefin polymerization 
catalysts in the 1980-1990’s,13 the design of new single-center polymerization 
catalysts has increasingly turned to non-metallocene systems. 
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Monocyclopentadienyl titanium alkyl complexes of the type CpTiX2(L) containing 
an additional monoanionic π-donor ancillary ligand (L) represent an important 
class of catalysts for homo- and copolymerization of olefins.14 Typical π-donor 
ancillary ligands include substituted aryloxides 2,6-R2C6H3O-,15 ketimides 
R2C=N-,16 phosphinimides R3P=N-,17 and guanidinates (R2N)2C=N18 (Figure 6.2), 
which can be regarded as monodentate analogues to cyclopentadienyls due to their 
capability to act as 2σ,4π electron donors. Guanidinate derivatives are especially 
effective due to the improved π-donor capability through the availability of a 
zwitterionic resonance structure, increasing the negative charge on the nitrogen 
atom. Kretschmer et al.18 found that employing more sterically protected 
guanidinates as ancillary ligands, e.g. 1,3-bis(xylyl)iminoimidazolidinate ligand, 
improved catalyst stability and productivity when compared to the successful 
tris(tert-butyl)phosphinimide ancillary ligand.  
 
Figure 6.2 Half-sandwich titanium complexes CpTiCl2(L). 
 
Due to their striking similarity to electron-rich organophosphanes PR3 in terms of 
ligand properties,19 N-heterocyclic carbenes of the imidazolin-2-ylidene type have 
become of interest. It has been observed that replacement of phosphane by 
N-heterocyclic carbene ligands resulted in transition metal complexes with 
improved stability and enhanced catalytic activity.19,20 Similarly, substitution of the 
R3P with an imidazolin-2-ylidene moiety in phosphoraneimides affords imidazolin-
2-imines of type I which can be described by two limiting mesomeric structures IA 
and IB (Figure 6.3).  
 
 




The ability of the imidazolium ring to stabilize a positive charge more effectively 
than a phosphonium group should increase the negative charge on the nitrogen 
atom, resulting in highly basic ligands with a strong electron donating capacity. 
Thus, imidazolin-2-iminato ligands have been successfully applied as efficient 
ancillary ligands to generate transition-metal complexes with enhanced stability 
and catalytic activity.21,22 Typical synthetic methodologies include reaction of the 
transition metal precursor with the corresponding 2-
(trimethylsilylimino)imidazoline LSiMe3,22a lithium imidazolin-2-imides LiL,22d,e,g 
or imidazolin-2-imine HL22f (L= imidazolin-2-imide). 
In our group the ligand 1,3-[(2,6-iPr2C6H3)2(CHN)2C=NH] (L3) was synthesized 
(Scheme 6.4) and successfully used to prepare the corresponding half-sandwich 
titanium complex Cp[(2,6-iPr2C6H3)2(CHN)2C=N]TiMe2 (6.4) (Figure 6.1).22a  
Reaction of 1,3-(bis(2,6-diisopropylphenyl)imidazol-2-ylidene (L1) (generated 
in situ from the corresponding imidazolium chloride according to the procedure 
reported by Arduengo23) with p-toluenesulfonyl azide afforded 1-tosyl-3-(1,3-
bis(2,6-diisopropylphenyl)imidazol-2-ylidene)triazene (L2) in high yields (86%).24 
Reduction of the triazene L2 with LiAlH4 in THF followed by aqueous workup and 





Reaction of L3 with one equivalent of CpTiMe3 in toluene followed by 
crystallization from pentane resulted in the formation of the titanium complex 
Cp[(2,6-iPr2C6H3)2(CHN)2C=N]TiMe2 (6.4) (Scheme 6.5).25 
 






In the 1H NMR spectrum the cyclopentadienyl protons and the methyne protons 
of the backbone give sharp singlets at δ 5.72 ppm and δ 5.89 ppm. The 
corresponding 13C NMR resonances are found, respectively, at δ 110.8 ppm and 
δ 114.1 ppm. The four isopropyl groups R give one multiplet at δ 3.10 ppm for the 
methyne protons and two doublets at δ 1.35 + 1.18 ppm for the protons of the 
methyl substituents. These data suggest that rotation around the Ti-N bond and 
rotation around the two C-N bonds is fast on NMR timescale. The 13C NMR 
chemical shifts of the CH and CH3 groups of the isopropyl substituents are 
observed, respectively, at δ 29.0 ppm and δ 24.4 + 23.3 ppm.  
Activation of a bromobenzene solution of 6.4 with one equivalent of 
[Me2PhNH][B(C6F5)4] resulted in the quantitative formation of the ionic species 
[Cp{(2,6-iPr2C6H3)2(CHN)2C=N}TiMe(Me2NPh)][B(C6F5)4] (6.5) as a red solution 






























The 1H NMR spectrum shows two distinct methyl resonances for the N,N-
dimethylaniline coproduct (δ 2.09 + 1.99 ppm) indicating coordination of N,N-
dimethylaniline to the cationic titanium center. As a consequence, the four 
isopropyl groups R are magnetically inequivalent, suggesting that the rotation of 
the 2,6-diisopropyl phenyl groups around the two C-N bonds is slow on NMR 
timescale. Four doublets for the isopropyl methyl protons (δ 1.31 ppm, δ 1.19 ppm, 
δ 1.10 ppm, δ 1.05 ppm, each 6H) and two multiplets for the methine protons in a 
1:1 ratio (δ 2.88 + 2.86 ppm, each 2H) are observed. The Cp and NCH resonances 
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are found, respectively, at δ 5.09 ppm and δ 6.39 ppm. The equivalency of the 
backbone protons (NCH) implies that rotation around the Ti-N bond should be fast 
on the NMR timescale. The Ti-Me group is shifted downfield at δ 0.83 ppm when 
compared to the neutral complex 6.4 (δ -0.03 ppm).  
As previously reported for the zirconium complexes Cp*2ZrMe2 (3.1) and 
[Me2Si(2-Me-4-PhInd)2]ZrMe2 (5.5), activation with ammonium borate salts in the 
presence of 3-butenyl methyl thioether (BMT) resulted in the formation of a 6-
membered chelate compound, which is stabilized by intramolecular coordination of 
the thioether moiety and is still sufficiently reactive towards ethene at slightly 
elevated temperatures (see Chapter 5). This, followed by addition of 
[(n-C4H9)4N]Br (see previous chapters) allowed us to obtain well-defined 
supported catalyst species and determine their concentration on the support. The 
generation of analogous monocyclopentadienyl titanium complexes will be 
evaluated to extend the applicability of our approach to different supported 
organometallic catalysts.  
In an NMR tube, reaction of 6.4 with one equivalent of [Me2PhNH][B(C6F5)4] 





NMR spectroscopy analysis of the reaction mixture (13C, 1H and 19F) indicated 
quantitative formation of the ionic compound [Cp{(2,6-
iPr2C6H3)2(CHN)2C=N}Ti(CH2CH(Me)CH2CH2SMe)][B(C6F5)4] (6.6) which 
derives from insertion of the functionalized olefin BMT into the Ti-Me bond of the 
cation [Cp{(2,6-iPr2C6H3)2(CHN)2C=N}TiMe]+ followed by intramolecular 
coordination of the sulfur atom to the titanium center. In the 1H NMR spectrum of 
6.6 the diastereotopic protons of the 6-membered ring are found at δ 2.29 + 2.04 
ppm (SCH2), δ 0.23+1.48 ppm (CHCH2) (the latter signal was located using a 1H-
1H gCOSY NMR experiment) and at δ -1.10 + 1.96 ppm (Ti-CH2). The isopropyl 
substituents give four doublets for the methyl protons (δ 1.20 ppm, 1.12 ppm, 1.08 
ppm, 0.97 ppm) and two multiplets for the methine protons (δ 2.69 + 2.74 ppm). 
This indicates that the rotation around the C-N bond of 2,6-dimethylphenyl 
substituents is hindered on NMR timescale at room temperature. The 
corresponding carbon resonances are found at δ 28.8 + 28.6 ppm (CH) and δ 24.5, 
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24.2, 22.5, 21.7 ppm (CH3). The cyclopentadienyl and the NCH resonances are 
found at δ 5.54 ppm and δ 6.40 ppm, respectively. The equivalency of the 
backbone protons suggests fast rotation around the Ti-N bond on NMR timescale at 
room temperature. The 19F NMR spectrum shows three signals at δ -132.4 ppm (o-
F), δ -163.5 ppm (p-F) and δ -167.3 ppm (m-F) typical for the perfluorinated borate 
anion [B(C6F5)4]-. 
Reaction of a bromobenzene solution of 6.6 with one equivalent of NBu4Br 
afforded the neutral compound Cp[(2,6-
iPr2C6H3)2(CHN)2C=N]TiBr(CH2CH(Me)CH2CH2SMe) (6.7) as an orange solution 




In the 1H NMR spectrum the Ti-CH2 diastereotopic protons are observed at 
δ 0.62 + 0.76 ppm. The corresponding carbon resonance is found at δ 79.6 ppm. 
The remaining diastereotopic methylene protons of the thioether moiety are 
observed at δ 2.36 + 2.21 ppm (SCH2) and 1.10 + 0.95 ppm (SCH2CH2). 1H NMR 
in combination with 1H-1H COSY NMR experiment gives evidence of 
magnetically inequivalent isopropyl groups. Four doublets at δ 
1.24 + 1.35 + 1.40 + 1.48 ppm and two multiplets at δ 3.10 + 2.99 ppm are 
observed, respectively, for the methyl and methine protons of the isopropyl groups. 
The corresponding carbon resonances appear at δ 24.6 + 24.3 + 23.2 + 23.0 ppm 
(CHCH3) and δ 28.7 + 28.6 ppm (CHCH3). These NMR data suggest fast rotation 
around the Ti-N and slow rotation around the C-N bonds on NMR timescale. 
Quantitative insertion of BMT into the Ti-Me to form 6.6 and its subsequent 
transformation into 6.7 by reaction with [ (n-C4H9)4N]Br offers the possibility to 
generate and quantify well-defined silica-supported catalyst species.  
An NMR tube was charged with the supported borate 
SiO2/TIBA/[Me2PhNH][HOC6H4B(C6F5)3] (prepared as described in Chapter 4) 
and contacted with a bromobenzene solution of 6.4 and BMT (Ti : BMT ratio 1:2) 
in the presence of ferrocene as internal standard (Scheme 6.9). Immediately the 
silica took a dark red color, indicative for activation of 6.4 and concomitant 







The reaction was monitored by 1H NMR spectroscopy for 6 hours. The results 
are reported in Table 6.2.  
It can be observed that a rapid decrease of the concentration of the catalyst 
precursor 6.4 in solution occurs within the first hour, accompanied by an equimolar 
consumption of BMT and release of free aniline into solution. Subsequently, a 
gradual disappearance of 6.4 and BMT occurred over a period of 6 hours, at which 
point all of 6.4 and an equimolar amount of BMT had been consumed with 
concomitant release of one equivalent of aniline per Ti. 
 




6.4 in solution 
µmol (%) 
NMe2Ph in solution 
µmol (%) 
1h 2.4 (20%) 2.4 (20%) 5.6 (80%) 
1.5h 1.1 (15%) 1.1 (15%) 5.2 (75%) 
2h 0.91 (13%) 0.91 (13%) 6.1 (87%) 
4h 0.77 (11%) 0.77 (11%) 6.2 (89%) 
5h 0.35 (5%) 0.35 (5%) 6.6 (95%) 
6h 0 (0%) 0 (0%) 7 (100%) 
t= contact time between 6.4 and the silica-supported activator; 6.4= Cp[(2,6-
iPr2C6H3)2(CHN)2C=N]Ti(CH3)2; 7 µmol of 6.4 were used; 6.4 : B ratio 1:1; 6.4 : BMT 
ratio 1:1.  
 
To the NMR tube, one equivalent of [(n-C4H9)4N]Br was added, resulting in a 
discoloration of the silica to orange (Scheme 6.10). 1H NMR spectroscopy 
indicated quantitative formation of the neutral species 6.7 (integrated against the 
ferrocene internal standard).  




































These experiments show that our borate supported activator 
SiO2/TIBA/[Me2PhNH][HOC6H4B(C6F5)3] is suitable for the immobilization of the 
titanium catalyst precursor 6.4. Quantitative insertion of olefinic substrate BMT 
into the Ti-Me bond of the cation [Cp{(2,6-iPr2C6H3)2(CHN)2C=N}TiMe]+ results 
in the generation of well-defined supported species which, at slightly elevated 
temperatures, should allow for further insertion of monomer (ethene) to initiate 
polymerization. Subsequent quantitative release of 6.7 into solution indicates that 
our quantification method (see previous Chapters) could be extended to this type of 
catalyst and applied to investigate the stability and the concentration of the 
catalytically active species generated on the support vs. time. 
 
6.4   Conclusions 
 
The silica-supported borate activator 4.3 appears to be suitable for the 
immobilization of the titanium trimerization catalyst 6.1 and the titanium 
polymerization catalyst 6.4 resulting in the quantitative formation of the desired 
supported activated species. Based on NMR studies and comparison with 
analogous homogeneous systems, quantitative generation and immobilization of 
mono(cyclopentadienyl) titanium catalysts was determined by desorption of the 
corresponding neutral soluble species 6.3 and 6.7 upon treatment with 
[(n-C4H9)4N]Br. This illustrates that our quantification procedure can be extended 
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to investigate the stability and the concentration of half-sandwich titanium catalyst 
species, thus demonstrating the versatility of our approach.  
 
6.5   Outlook 
 
Stabilization of cationic transition metal alkyl complexes with the use of a 
functionalized olefinic substrate followed by fast desorption from the support of 
well-defined organometallic species in combination with ‘NMR solution’ 
spectroscopic techniques allowed us to investigate the behavior of a range of 
supported catalyst systems. The method described in this thesis, in combination 
with quantified silica-supported ammonium borate activators appear to be a 
versatile and simple approach for the generation of well-defined immobilized 
catalyst systems. Provided that (a) the right combination catalyst/trap can be found 
and (b) desorption of the activated species is fast and quantitative, this method 
should be easily applicable to study other supported catalyst systems. 
 
6.6   Experimental section 
 
General considerations. For the experiments described in this chapter, the same 
general considerations are valid as described for the previous Chapters. 
Compounds (C5H4CMe2Ar)TiMe3 (6.1)9, CpTiCl326 and CpTiMe327 were prepared 
according to published procedures. The synthesis of 1,3-bis(2,6-
diisopropylphenyl)imidazol-2-ylidene (L1) was performed by Dr. S. Dorok 
according to literature procedures.23 p-Toluene sulfonylazide was synthesized 
according to a published procedure.28 Compound Cp[(2,6-
iPr2C6H3)2(CHN)2C=N]TiMe2 (6.4) was kindly provided by Dr. S. Dorok.25 
Glyoxal (AcrosOrganics, 40 wt.% in water), 2,6-diisopropylaniline 
(AcrosOrganics, 92%), HCl (Acros, 0.1N solution), potassium tert-butoxide 
(AcrosOrganics, 1M solution THF), sodium azide (AcrosOrganics, 99%), 
p-toluenesulfonyl chloride (AcrosOrganics, 99%) and LiAlH4 (Merck) were used 
as purchased.  
 
Generation of [{C5H4CMe2(3,5-Me2C6H3)}TiMe2][B(C6F5)4] (6.2) (NMR-tube 
experiment). 
In an NMR tube (C5H4CMe2Ar)TiMe3 (6.1, 0.02 mmol, 6.1 mg) was reacted with 
one equivalent of [Me2PhNH][B(C6F5)4] (4.1, 0.02 mmol, 16 mg) in C6D5Br (0.5 
mL). Immediately a red solution was observed. Compound 6.2 was formed 
quantitatively. NMR data are in agreement with those reported by Deckers.9 
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Reaction of [{C5H4CMe2(3,5-Me2C6H3)}TiMe2][B(C6F5)4] (6.2) with NBu4Br 
(NMR-tube experiment). 
Freshly prepared 6.2, generated by reaction of 6.1 (0.02 mmol, 6.1 mg) with one 
equivalent of [Me2PhNH][B(C6F5)4] (4.1, 0.02 mmol, 16 mg) in C6D5Br (0.5 mL), 
was treated with one equivalent of NBu4Br (0.02 mmol, 6.4 mg). Instantaneous 
color change of the solution from red to dark yellow was observed. The neutral 
species C5H4CMe2(3,5-Me2C6H3)]TiBrMe2 (6.3) was formed quantitatively.  
1H NMR (400 MHz, C6D5Br, δ): 6.91 (s, o-H Ar, 2H), 6.68 (p-H Ar, 1H), 6.20 (s, 
Cp, 2H), 6.15 (s, Cp, 2H), 2.19 (s, Ar-Me, 6H), 1.49 (s, CMe2, 6H), 1.41 (s, Ti-Me, 
6H). 13C{1H}NMR (C6D5Br, 125.7 MHz, δ): 148.6 (ipso-C Cp), 137.3 (ipso-C Ar), 
128.9 (m-C Ar), 127.8 (o-H Ar), 123.9 (p-H Ar), 116.8 (CH Cp), 112.4 (CH Cp), 
74.4 (Ti-Me), 39.2 (CMe2), 29.1 (CMe2), 21.5 (ArMe). 
 
Immobilization of 6.1 on SiO2/TIBA/[HO(C6H4)B(C6F5)4][HNMe2Ph] (4.3) and 
subsequent reaction with NBu4Br (NMR-tube experiment).  
An NMR tube was charged with the supported borate activator 
SiO2/TIBA/[Me2PhNH][p-HOC6H4B(C6F5)3] (30 mg, bearing 7 µmol of borate). 
The silica support was contacted with a C6D5Br solution of C5H4CMe2(3,5-
Me2C6H3)]TiMe3 (6.1, 7 µmol, 2.1 mg). Immediately the support took on a red 
color and gas evolution (methane) was observed (Table 6.1). After 4 hours all of 
6.1 disappeared from solution, accompanied by release of one equivalent of 
NMe2Ph. Subsequent addition of NBu4Br (7 µmol, 2.3 mg) resulted in the 




To a THF solution (200 mL) of 1,3-bis(2,6-diisopropylphenyl)imidazol-2-ylidene 
(12.1 g, 32.3 mmol), generated in situ according to reference 23, was added 
p-toluene sulfonylazide (7.0 g, 35.5 mmol). The reaction mixture was stirred for 2 
hours at 50°C. The solvent was evaporated under reduced pressure. The product 
was dissolved in toluene and the solution was filtrated. Crystallization from hexane 
and evaporation of the solvent in vacuo afforded pure 1-tosyl-3-(1,3-bis(2,6-
diisopropylphenyl)imidazol-2-ylidene)triazene (L2) as a bright yellow solid. Yield: 
86% (27.8 mmol, 16.3 g).  
1H NMR (400 MHz, CDCl3, δ): 7.48 (t, JHH = 7.8 Hz, p-H Ari-Pr, 2H), 7.27 (d, 
JHH = 7.8 Hz, m-H Ari-Pr, 4H), 7.26 (H Ar, 2H overlapping with m-H Ari-Pr), 7.08 
(d, JHH = 8.4 Hz, H Ar, 2H), 6.82 (s, NCH, 2H), 2.61 (m, JHH = 6.9 Hz, CHCH3, 
4H), 2.33 (s, CH3 Ar, 3H), 1.21 (d, JHH = 6.9 Hz, CHCH3, 12H), 1.07 (d, JHH = 6.8 
Hz, CHCH3, 12H). 13C{1H} NMR (100 MHz, CDCl3, δ): 151.7 (NCN), 144.8 (CS), 
141.9 (ipso-C), 137.1 (C Ar), 130.1 (CH AriPr), 128.7 (CH Ar), 127.9 (CH Ar), 
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124.2 (CH AriPr), 119.7 (NCH), 29.0 (CHCH3), 23.8, 22.7 (CHCH3), 21.4 (CH3 
Ar). 
 
Synthesis of 1,3-[(2,6-iPr2C6H3)2(CHN)2C=NH] (L3). 
To a THF solution (50 mL) of 1-tosyl-3-(1,3-bis(2,6-diisopropylphenyl)imidazol-
2-ylidene)triazene (L2, 5.0 g, 8.5 mmol) cooled to 0°C was slowly added LiAlH4 
(0.50 g, 13.3 mmol). The reaction mixture was stirred for 1 hour at which point 
water (5 mL) was added. The suspension was dried over Na2SO4 and the solution 
was filtered. Solvent and volatiles were removed under reduced pressure and the 
solid residue was redissolved in toluene. A precipitate was formed which was 
filtered and dried in vacuo to yield pure 1,3-[(2,6-iPr2C6H4)2(CHN)2C=NH] (L3) as 
a white solid. Yield: 77% (6.5 mmol, 2.6 g).  
1H NMR (400 MHz, C6D6, δ): 7.25 (t, JHH = 7.3 Hz, p-H Ar, 2H), 7.13 (d, JHH = 7.7 
Hz, m-H Ar, 4H), 5.72 (s, NCH, 2H), 2.99 (m, JHH = 6.8 Hz, CHCH3, 4H), 1.32 (d, 
JHH = 6.8 Hz, CHCH3, 12H), 1.12 (d, JHH = 6.9 Hz, CHCH3, 12H). The NH 
resonance was not observed. 13C{1H} NMR (100 MHz, C6D6, δ): 147.1 (NCN), 
142.5 (ipso-C), 133.6 (C Ar), 130.0 (CH Ar), 124.2 (CH Ar), 114.7 (NCH), 29.0 
(CHCH3), 24.4, 23.9 (CHCH3). 
 
Synthesis of Cp[(2,6-iPr2C6H3)2(CHN)2C=N]TiMe2 (6.4). 
A double-Schlenk vessel was charged with a toluene solution (50 mL) of 1,3-[(2,6-
iPr2C6H3)2(CHN)2C=NH] (L3, 2.5 mmol, 1 g) and cooled to -50°C. One equivalent 
of CpTiMe3 (2.5 mmol, 0.395 g) was added to the toluene solution. The reaction 
mixture was warmed to room temperature and stirred for 15 minutes. The toluene 
and volatiles were removed under reduced pressure and the resulting residue was 
extracted with pentane (4 × 30 mL). Concentration of the pentane solution and cold 
crystallization at -30°C yielded pure 6.4 as yellow crystalline material. Yield: 89% 
(2.2 mmol, 1.2 g). 
1H NMR (400 MHz, C6D6, δ): 7.21 (t, JHH = 7.1 Hz, p-H Ar, 2H), 7.13 (d, JHH = 7.8 
Hz, m-H Ar, 4H), 5.89 (s, NCH, 2H), 5.72 (s, Cp, 5H), 3.16 (m, JHH = 6.9 Hz, 
CHCH3, 4H), 1.39 (d, JHH = 6.9 Hz, CHCH3, 12H), 1.15 (d, JHH = 6.9 Hz, CHCH3, 
12H), 0.19 (s, Ti-Me, 6H). 13C{1H} NMR (100 MHz, C6D6, δ): 147.3 (NCN), 141.1 
(ipso-C), 134.1 (C Ar), 130.1 (CH Ar), 124.1 (CH Ar), 114.7 (NCH), 110.8 (Cp), 
42.6 (TiMe), 29.0 (CHCH3), 24.4, 23.3 (CHCH3).  
1H NMR (400 MHz, C6D5Br, δ): 7.30 (t, JHH = 7.6 Hz, p-H Ar, 2H), 7.20 (d, 
JHH = 7.7 Hz, m-H Ar, 4H), 6.26 (s, NCH, 2H), 5.63 (s, Cp, 5H), 3.1 (m, JHH = 6.8 
Hz, CHCH3, 4H), 1.35 (d, JHH = 6.8 Hz, CHCH3, 12H), 1.18 (d, JHH = 6.8 Hz, 
CHCH3, 12H), -0.02 (s, TiCH3, 6H). 
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Reaction of Cp[(2,6-iPr2C6H3)2(CHN)2C=N]TiMe2 (6.4) with 
[Me2PhNH][B(C6F5)4] (4.1) (NMR-tube experiment). 
In an NMR tube a C6D5Br solution of 6.4 (0.01 mmol, 5.3 mg) was reacted with 
one equivalent of [Me2PhNH][B(C6F5)4] (4.1, 0.01 mmol, 8.0 mg), resulting in a 
red solution. Immediately gas evolution (methane) was observed. NMR 
spectroscopy indicated clean formation of the ionic compound [Cp{(2,6-
iPr2C6H3)2(CHN)2C=N}TiMe(NMe2Ph)][B(C6F5)4] (6.5).  
1H NMR (400 MHz, C6D5Br, δ): 7.32 (t, JHH = 7.8 Hz, p-H Ar, 2H), 7.19 (d, 
JHH = 7.7 Hz, m-H Ar, 2H), 7.15 (d, JHH = 7.8 Hz, m-H Ar, 2H), 6.39 (s, NCH, 2H), 
5.10 (s, Cp, 5H), 2.88 (m, JHH = 6.8 Hz, CHCH3, 2H), 2.73 (m, JHH = 6.8 Hz, 
CHCH3, 2H), 2.09 and 1.99 (s, NMe2Ph, 3H each), 1.31 (d, JHH= 6.7 Hz, CHCH3, 
6H), 1.19 (d, JHH = 6.7 Hz, CHCH3, 6H), 1.10 (d, JHH = 7.1 Hz, CHCH3, 6H), 1.05 
(d, JHH = 7.0 Hz, CHCH3, 6H), 0.83 (s, TiCH3, 3H).  
 
Reaction of Cp[(2,6-iPr2C6H3)2(CHN)2C=N]TiMe2 (6.4) with 
[HNMe2Ph][B(C6F5)4] (4.1) in the presence of BMT (NMR-tube experiment). 
In an NMR tube [HNMe2Ph][B(C6F5)4] (4.1, 0.03 mmol, 24 mg) was reacted with a 
C6D5Br solution of 3-butenyl methyl thioether (0.03 mmol, 3.8 µL) and 6.4 (0.03 
mmol, 16 mg). Compound [Cp{(2,6-
iPr2C6H3)2(CHN)2C=N}Ti(CH2CH(Me)CH2CH2SMe)][B(C6F5)4] (6.6) was formed 
quantitatively.  
1H NMR (400 MHz, C6D5Br, δ): 7.35 (t, JHH = 7.8 Hz, p-H Ar, 2H), 7.17 (m, H Ar, 
4H, overlapping with NMe2Ph), 6.40 (s, NCH, 2H), 5.53 (s, Cp, 5H), 2.69 (m, 
CHCH3, 2H), 2.65 (m, CHCH3, 2H), 2.31 (m, CHCH3, 1H), 2.29 (m, SCHH, 1H), 
2.04 (d, JHH = 13.6 Hz, SCHH, 1H), 1.96 (t, JHH = 11.8 Hz, TiCHH, 1H), 1.48 
(SCH2CHH, 1H, overlapping with isopropyl signals), 1.20 (d, JHH = 6.8 Hz, 
CHCH3, 6H), 1.12 (d, JHH = 6.7 Hz, CHCH3, 6H), 1.08 (d, JHH = 6.6 Hz, CHCH3, 
6H), 0.97 (d, JHH = 6.8 Hz, CHCH3, 6H), 0.23 (q, JHH = 6.8 Hz, SCH2CHH, 1H), 
-1.1 (d, JHH = 13.6 Hz, TiCHH, 1H). 13C{1H}NMR (C6D5Br, 125.7 MHz, δ): 145.9 
(Ar), 130.4 (Ar), 128.9 (Ar), 124.7 (Ar), 124.4 (Ar), 124.3 (Ar), 116.1 (CH Cp), 
113.9 (NCH), 102.4 (TiCH2), 41.8 (SCH2CH2), 37.1 (CHCH3), 32.0 (SCH2), 28.8 
(CHCH3 isopropyl), 28.6 (CHCH3 isopropyl), 25.9 (CHCH3), 24.5, 24.2, 22.5, 21.7 
(CHCH3 isopropyl), 17.9 (SCH3). The NCN resonance was not detected.  
 
Reaction of 6.6 with NBu4Br (NMR-tube experiment). 
In an NMR tube, freshly prepared [Cp{(2,6-
iPr2C6H3)2(CHN)2C=N}Ti(CH2CH(Me)CH2CH2SMe)][B(C6F5)4] (6.6) (0.03 
mmol) in C6D5Br was contacted with one equivalent of NBu4Br (0.03 mmol, 9.7 
mg). Immediately the solution turned orange and the neutral species Cp[(2,6-




1H NMR (400 MHz, C6D5Br, δ): 7.32 (t, JHH = 7.7 Hz, p-H Ar, 2H), 7.19 (m, m-H 
Ar, 4H, overlapping with NMe2Ph peak), 6.30 (s, NCH, 2H), 5.71 (s, Cp, 5H), 3.10 
(m, CHCH3 isopropyl, 2H), 3.05 (m, CHCH3 isopropyl, 2H), 2.36 (t, JHH = 7.1 Hz, 
SCHH, 1H), 2.28 (m, CHCH3, 1H), 2.21 (t, JHH = 6.7 Hz, SCHH, 1H), 2.00 (s, 
SCH3, 3H), 1.82, 1.76, 1.50, 1.42 (d, CHCH3 isopropyl, each 6H, overlapping with 
NBu4 peaks), 1.10 (SCH2CHH, 1H, overlapping with isopropyl peaks), 1.00 
(CHCH3, 3H, overlapping with NBu4 peaks), 0.95 (SCH2CHH, 1H, overlapping 
with isopropyl peaks), 0.76 (d, JHH = 6.6 Hz, TiCHH, 1H), 0.62 (d, JHH = 6.5 Hz, 
TiCHH, 1H). 13C{1H}NMR (C6D5Br, 125.7 MHz, δ): 160.0 (NCN), 146.6 (Ar), 
132.9 (Ar), 130.1 (Ar), 128.9 (Ar), 124.0 (Ar), 123.8 (Ar), 116.4 (CH Cp), 111.7 
(NCH), 79.6 (TiCH2), 41.0 (SCH2CH2), 36.5 (CHCH3), 33.5 (SCH2), 28.7, 28.6 
(CH isopropyl), 24.6, 24.3, 23.2, 23.0 (CHCH3 isopropyl), 23.1 (CHCH3), 15.4 
(SCH3). 
 
Immobilization of 6.4 on SiO2/TIBA/[HO(C6H4)B(C6F5)4][HNMe2Ph] (4.3) in 
the presence of BMT and subsequent release of Cp[(2,6-
iPr2C6H3)2(CHN)2C=N]Ti(CH2CH(Me)CH2CH2SMe)Br (6.7) into solution. 
An NMR tube was charged with the supported borate activator 
SiO2/TIBA/[Me2PhNH][p-HOC6H4B(C6F5)3] (4.3, 30 mg, bearing 7 µmol of 
borate). The silica support was contacted with a C6D5Br solution of Cp[(2,6-
iPr2C6H3)2(CHN)2C=N]TiMe2 (6.4, 7 µmol, 2.8 mg) and 3-butenyl methyl thioether 
(7 µmol, 3.5 µL) in the presence of Cp2Fe (21 µmol, 3.9 mg) as internal standard. 
Immediately the silica took on a red color. After 6 hours all of 6.4 had disappeared 
from solution and all BMT had been consumed (Table 6.2). Subsequent addition of 
NBu4Br (7 µmol, 2.3 mg) resulted in the quantitative release of 6.7 into solution. 
For NMR data see above.  
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